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Edited by Ulf-Ingo Flu¨ggeAbstract A large number of O-linked N-acetylglucosamine (O-
GlcNAc) residues have been mapped in vertebrate proteins, how-
ever targets of O-GlcNAcylation in plants still have not been
characterized. We show here that O-GlcNAcylation of the N-ter-
minal region of the capsid protein of Plum pox virus resembles
that of animal proteins in introducing O-GlcNAc monomers.
Thr-19 and Thr-24 were speciﬁcally O-GlcNAcylated. These res-
idues are surrounded by amino acids typical of animal O-GlcNAc
acceptor sites, suggesting that the speciﬁcity of O-GlcNAc trans-
ferases is conserved among plants and animals. In laboratory con-
ditions, mutations preventing O-GlcNAcylation of Thr-19 and
Thr-24 did not have noticeable eﬀects on PPV competence to in-
fect Prunus persicae or Nicotiana clevelandii. However, the fact
that Thr-19 and Thr-24 are highly conserved among diﬀerent
PPV strains suggests that their O-GlcNAc modiﬁcation could
be relevant for eﬃcient competitiveness in natural conditions.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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pox virus1. Introduction
An important part of the sophisticated regulation of cell
physiology relies on a large number of protein modiﬁcations
that take place after mRNA translation [1]. Among them,
attachment of sugar residues is probably the most complex,
varied and with the broadest phylogenetic distribution [2].
For many years, glycosylation was thought to be restricted to
the lumenal compartments of the endoplasmic reticulum and
Golgi; however, now it is well established that many proteins
that accumulate in the nucleus or in the cytosol are glycosylated
[3]. Thus, dynamic modiﬁcation of serine and threonine withO-
linked b-N-acetylglucosamine (O-GlcNAc) is very common in
nuclear and cytoplasmic eukaryotic proteins [4].
O-GlcNAcylation has been well studied in mammalian cells.
It is carried out by a unique and essential O-GlcNAc transfer-Abbreviations: O-GlcNAcylation, O-Linked N-acetylglucosamination;
CP, capsid protein; O-GlcNAc, O-linked b-N-acetylglucosamine;
OGT, O-GlcNAc transferase; MALDI-TOF, Matrix-assisted Laser
Desorption/Ionization-Time of Flight; dpi, days post infection; SEC,
SECRET AGENT; SPY, SPINDLY
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doi:10.1016/j.febslet.2006.09.041ase (OGT) [5] to acceptor sites that do not reside within a
strong consensus sequence, although some residues appear to
be preferred in their vicinity (R. Gupta, S. Brunak and J. Han-
sen, manuscript in preparation, http://www.cbs.dtu.dk/ser-
vices/YinOYang/). Although O-GlcNAcylation is not simply
reciprocal to phosphorylation [6], these two kinds of post-
translational modiﬁcations share many features, and the same
site on a protein can be phosphorylated and O-GlcNAc-mod-
iﬁed [7]. A further evidence of this yin-yang relationship is the
association of rat OGT and serine/threonine phosphatases
PP1b and PP1c in active complexes [8]. Dynamic interplay be-
tween O-GlcNAcylation and phosphorylation appears to play
a very relevant role in sensing the environment and regulating
signaling cascades, and contributes to the pathology of dis-
eases such as diabetes and Alzheimer dementia [6].
Far less is known about O-GlcNAcylation in plants. Two
proteins with OGT activity, SECRET AGENT (SEC) and
SPINDLY (SPY) have been identiﬁed in Arabidopsis thaliana
[9,10]. The fact that double mutants aﬀected in both SPY
and SEC are lethal indicates that, as in mammals, O-GlcNA-
cylation is essential in plants [9].
Very little is known about the plant OGT targets. O-Glyco-
sylation with terminal GlcNAc modiﬁcation has been described
for nuclear pore complex proteins of tobacco [11,12], but the
only plant target of a typical O-GlcNAcylation unambiguously
demonstrated is the capsid protein (CP) of Plum pox virus
(PPV), which is also phosphorylated [13]. Although SEC and
SPY have overlapping roles in plant development [14], PPV
CP appears to be a speciﬁc target of OGT activity of SEC
[15,16]. PPV is a potyvirus that in nature infects Prunus trees
and that is also able to infect experimental herbaceous hosts
[17]. The genome of potyviruses consists of a messenger polarity
single-stranded RNA that is translated into a large polyprotein,
including a single CP at its C-end [18,19].O-GlcNAcylation has
been shown to modify the N-terminal region of PPV CP [13]. In
this paper, we precisely identify two O-GlcNAc-modiﬁed thre-
onine residues of this PPV CP region and assess the eﬀect of
replacing them by alanines on PPV infection.2. Materials and methods
2.1. Virus infection and puriﬁcation
Plants were grown in a greenhouse maintained at 16 h of light with
supplementary illumination and a 19–22 C temperature. Young Nico-
tiana clevelandii (4–6 leaf stage) or Prunus persicae (4–6 leaf stage)
leaves were inoculated either by bombardment of two leaves withblished by Elsevier B.V. All rights reserved.
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PPV-50BDGFP-derived plasmids, using a Helios Gene Gun device
(Bio-Rad) [20], or by rubbing crude extract from previously infected
plants onto three leaves dusted with Carborundum. PPV-NK-lGFP-
derived viruses were puriﬁed from infectedN. clevelandii plants accord-
ing to Laı´n et al [21].
2.2. PPV mutagenesis
pICPPV-NK-lGFP is a plasmid derived from the full-length cDNA
clone of PPV-Rankovic genome pICPPV-NK [22] with the GFP gene
from pTXS.GFP [23] inserted between their NaeI and KpnI sites (P.
Sa´enz, M.R. Ferna´ndez-Ferna´ndez and J.A.G, unpublished results).
pICPPV-5 0BDGFP derives from replacing PPV sequence 1-7589 of
pICPPV-NK-GFP [22] with RT-PCR-ampliﬁed cDNAs from a D-type
PPV isolate that infects very eﬃciently Prunus plants (B. Salvador, J.B.
Quiot, C. Simo´n-Mateo and J.A. Garcı´a, unpublished results). Point
mutations at the N-terminal region of PPV CP were created by a
two-steps PCR-based mutagenesis method [24], using as mutator olig-
odeoxinucleotides (oligos) T19A (50- CGGTGCAGCAACTACAC-30),
T24A (5 0-TGGGCTAGCTGCTGCCG-3 0), and S25A (5 0-GTATTG-
GGGCAGTTGCTGC-30), and as ﬂanking oligos 80 (5 0-TTGG-
GTTCTTGAACAAGC-3 0) and 55 (5 0-CTATGCACCAAAC C-3 0).
First PCRs used pICPPV-NK as template, and their DNA products
and a BsaBI-EcoRV fragment of pICPPV-NK were the templates for
the second PCRs. The products of these second PCRs were digested
with KpnI and SacI and used to replace the corresponding fragment
from pICPPV-NK-lGFP, giving rise to pICPPV-NK-lGFP T19A, pIC-
PPV-NK-lGFP T24A and pICPPV-NK-lGFP S25A. pICPPV-NK-
lGFP TT19,24AA was constructed in the same way, but using T24A
as mutagenic oligo and pICPPV-NK-lGFP T19A as template.
2.3. Matrix-assisted laser desorption/ionization-time of ﬂight (MALDI-
TOF) analysis of PPV CP digested with trypsin
Puriﬁed PPV virions (5 lg) were digested with 50 ng of Modiﬁed
Porcine Trypsin (Promega) at room temperature for 10 min, and puri-
ﬁed as previously described [15].
About 0.7 ll of matrix solution were deposited onto a 600 lm
AnchorChipTM MALDI target (Bruker Daltonics) and allowed to
dry at room temperature. Then, 0.7 ll of the tryptic peptide mixture
were applied to the chip, and peptide mass ﬁngerprinting spectra were
acquired as previously described [15]. Processing of the spectra and
data analysis were performed with the Bruker Daltonics FlexAnalysis
2.4 and Biotools 2.1 software.
2.4. Assessment of virus infection
PPV-expressed GFP was observed either under a long-wavelength
UV lamp (Black Ray model B 100 AP) and photographed with a Ni-
kon D1X digital camera, or under a Leica MZ FLIII ﬂuorescence
microscope with excitation and barrier ﬁlters of 480/40 nm and
510 nm, respectively, and photographed with an Olympus DP70 digital
camera. PPV accumulation was determined by Western blot analysis.
Leaves were ground in disruption buﬀer (125 mM Tris–HCl, pH 6.8,
10% glycerol, 2% SDS, 0.1% bromophenol blue and 5% ß-mercap-
toethanol) (1 ml per mg). Samples were boiled for 5 min and cell debris
removed by centrifugation. Supernatants were resolved on 12.5%
SDS–PAGE, electroblotted to a nitrocellulose membrane and sub-
jected to immunodetecion using as primary antibody rabbit anti-PPV
polyclonal serum (1:5000), and as secondary antibody peroxidase-con-
jugated goat anti-mouse IgG purchased from Jackson (1:10000). The
immunostained proteins were visualized by enhanced chemilumines-
cense detection with ECL (Amersham). Ponceau red staining was used
to check the global protein content of the samples.Fig. 1. Localization of O-GlcNAcylation candidates in the genome of
PPV. The diﬀerent PPV protein products are shown in the box
representing the PPV polyprotein. Dark gray and black boxes
represent the N- and C-terminal regions and the core region,
respectively, of the PPV CP. The sequence of the peptide where O-
GlcNAcylation has been previously mapped [13] is underlined. T to A
and S to A mutations analyzed in this work are in red, and other
residues that might be relevant for deﬁnition of O-GlcNAc acceptor
sites are in blue (P and V) or in orange (S).3. Results
3.1. PPV mutants with T19A, T24A or S25A substitutions in CP
are viable in N. clevelandii
MALDI analysis have identiﬁed O-GlcNAcylation of a pep-
tide encompassing the amino acids 10–39 of PPV CP [13]. This
region includes two serine (Ser-16 and Ser-25) and two threo-
nine (Thr-19 and Thr-24) residues. The fact that no glycosyl-ation was detected in the peptide of a recombinant PPV that
conserves Ser-16 but not Thr-19, Thr-24 and Ser-25 suggested
that the modiﬁcation was constrained to these three residues
[13]. For this reason, we decided to assess the eﬀect on PPV
infection of removing each of these possible glycosylation tar-
gets by replacing Thr-19, Thr-24 and Ser-25 with alanines
(Fig. 1). Mutations were introduced in the PPV full-length
cDNA clone pICPPV-NK-lGFP, which includes a GFP repor-
ter gene, and N. clevelandii plants were inoculated by bom-
bardment with DNA-coated gold particles. Plants inoculated
with either pICPPV-NK-lGFP or one of the three mutant plas-
mids were indistinguishable in time of appearance and severity
of the systemic viral symptoms, the pattern of GFP expression,
and virus accumulation as assessed by western blot analysis
(Fig. 2). The same result was obtained when plants were inoc-
ulated with sap from the initially infected plants.
Although RT-PCR analysis of the progeny virus detected
partial deletion of the GFP insert in some of the plants infected
with wild type PPV or the PPV mutants, neither reversions of
the mutations nor compensatory second mutations were
detected in any case (data not shown).
3.2. Thr-19 and Thr-24 of PPV CP are modiﬁed with a
monosaccharide
PPV was puriﬁed from plants infected with PPV T19A, PPV
T24A and PPV S25A. The puriﬁed virions were partially di-
gested with trypsin and subjected to MALDI-TOF analysis.
As previously reported, the amino terminal peptide from aa 1
through 39 was detected in the spectrum of the wild type sample
in non-glycosylated, mono- and di-O-GlcNAcylated forms,
each diﬀering in mass by 203 Da (Fig. 3). Signals corresponding
to acetylated forms (mass increase of 42 Da) of the unmodiﬁed
and glycosylated ions were also detected (Fig. 3). The spectrum
of PPV S25A showed the presence of the same mono- and di-O-
GlcNAcylated forms of the 1–39 peptide that occurred with
wild type PPV, suggesting that Ser-25 is not modiﬁed and that
either Thr-19 or Thr-24 could be O-GlcNAcylated. The fact
that only non-glycosylated and monoglycosylated forms of
the 1–39 peptide could be detected in the spectra of PPV
T19A and T24A virions indicates that both threonines could
be modiﬁed and that the modiﬁcation is a monosaccharide.
The MALDI-TOF analysis of the PPV mutants with single
substitutions, did not rule out the possibility that Ser-25 could
be O-GlcNAcylated only when none of the threonines were
modiﬁed. To assess this possibility, a TT19,24AA double
Fig. 2. Infection of N. clevelandii PPV-NK-lGFP with S25A, T19A and T24A mutations. (A) Pictures of plants infected with the virus indicated
above the panels, taken under visible (upper panels) or UV (lower panels) light at 18 dpi. (B) Western blot of extracts of plants infected with the virus
indicated above each lane, or of non-inoculated plants (NI), probed with antiserum to PPV CP. Samples were collected at 21 dpi. The blot stained
with Ponceau red is shown at the bottom as a loading control. Mw lane shows prestained molecular mass markers of 47.5 and 32.5 kDa (New
England Biolabs).
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virus accumulation were apparent between N. clevelandii
plants infected with PPV TT19,24AA and wild type PPV
(Fig. 4A and B). The stability of the double mutation in the
virus progeny was veriﬁed by sequence analysis of cDNA frag-
ments ampliﬁed by RT-PCR.
MALDI-TOF analysis of puriﬁed PPV TT19,24AA virions
detected only the non-glycosylated form of the 1–39 peptide,
demonstrating the inability of Ser-25 to be O-GlcNAcylated
even when no other adjacent residues were modiﬁed (Fig. 4C).
3.3. O-GlcNAcylation of PPV CP at Thr-19 and Thr-24
is not required for PPV infection in Prunus
Plum pox virus has a wide host range including herbaceous
and woody hosts. Thus, we decided to assess whether distur-
bance of glycosylation at Thr-19 and Thr-24, which appears
to have little relevance for PPV infection in N. clevelandii,
could aﬀect the infection of PPV in a natural host, Prunus per-
sicae. Since pICPPV-NK-lGFP derives from a PPV isolate
that, after long-term propagation in herbaceous host, has lost
the ability to infect woody plants, we introduced the T19A,
T24A and TT19,24AA mutations in pICPPV5’BDGFP, a
full-length cDNA clone of a PPV isolate that infects P. persi-
cae. P. persicae seedlings were inoculated biolistically with
the diﬀerent pICPPV5’BDGFP-derived plasmids. No diﬀer-
ences were observed in infectivity, symptom induction, GFP
expression or virus accumulation between wild type PPV andthe PPV mutants (Fig. 5). Sequencing of appropriate cDNA
fragments ampliﬁed by RT-PCR from the virus progenies
demonstrated that all the mutations were also stable in peach.4. Discussion
O-GlcNAcylation is a ubiquitous modiﬁcation of nuclear
and cytoplasmic proteins that have been extensively studied
in mammalian cells. Transcription factors, cytoskeletal pro-
teins, nuclear pore proteins, hormone receptors, oncogen
products, tumor suppressors and viral proteins are among
the animal proteins that have been shown to be O-GlcNAcy-
lated [25]. In contrast with the complexity of most protein-
linked carbohydrates [2], mammalian OGTs have been shown
to modify serine or threonine residues with single monosaccha-
ride N-acetylglucosamines [25]. Little information is available
on O-GlcNAcylated plant proteins, but it has been suggested
that the sugar moieties of some of them could consist of oligo-
saccharides larger than ﬁve GlcNAc residues [12]. The peptide
from aa 10 through 39 of PPV CP has been shown to hold two
O-GlcNAc residues, although it was not ascertained whether
they corresponded to two monosaccharide modiﬁcations or
the attachment of two GlcNAc at a single threonine or serine
residue [13]. Now, we demonstrate that O-GlcNAcylation of
PPV CP resembles that of mammalian proteins, and Thr-19
and Thr-24 can each be modiﬁed with one O-GlcNAc
Fig. 3. MALDI-TOF analysis of trypsin-digested virions of wild type PPV or of the mutants indicated in each panel. The mass/charge ratio (m/z, in
Daltons) assigned to the diﬀerent peaks is indicated above them. O-GlcNAc, O-GlcNAc modiﬁcation; Ac, acetylation; a.i., arbitrary intensity.
Fig. 4. Infection of PPV-NK-lGFP TT19,24AA. in N. clevelandii. (A) Pictures of plants infected with the virus indicated above the panels, taken
under visible (upper panels) or UV (lower panels) light. (B) Western blot of extracts of plants infected with the virus indicated above each lane,
probed with antiserum to PPV CP. The blot stained with Ponceau red is shown at the bottom as a loading control. Mw lane shows prestained
molecular mass markers of 47.5 and 32.5 kDa (New England Biolabs). (C) MALDI-TOF analysis of trypsin-digested virions of PPV-NK-lGFP
TT19,24AA. The mass/charge ratio (m/z, in Daltons) assigned to the diﬀerent peaks is indicated above them. Ac, acetylation; a.i., arbitrary intensity.
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Fig. 5. Infection of PPV-50BDGFP with T19A, T24A and TT19,24AA mutations in P. persicae. (A) Pictures of plants infected with the virus
indicated above the panels, taken under visible (upper panels) or UV (lower panels) light at 24 dpi. (B) Western blot of extracts of plants infected with
the virus indicated above each lane, or of non-inoculated plants (NI), probed with antiserum to PPV CP. Samples were collected at 24 dpi. The blot
stained with Ponceau red is shown at the bottom as a loading control. Mw lane shows prestained molecular mass markers of 47.5 and 32.5 kDa (New
England Biolabs).
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SEC [15,16], the plant OGT most similar to mammalian OGTs
[9], thus, the possibility exists that modiﬁcations carried out by
SPY, the other plant OGT, are dissimilar to mammalian O-
GlcNAc modiﬁcations. However, the partial functional redun-
dancy of SEC and SPY [9,14] makes more likely that these two
enzymes perform the same reaction but do not have completely
overlapping substrate speciﬁcities.
At least 35 targets for vertebrate OGTs have been precisely
mapped ([26]; http://www.cbs.dtu.dk/databases/OGLYC-
BASE/Oglyc.base.html). No consensus motif for O-GlcNAc
target sites has been identiﬁed, but usually they are marked
by the close vicinity of proline and/or valine residues, as well
as for one or more additional serine residues, which usually
are not glycosylated, and an algorithm based on these features
has been developed to predict O-GlcNAcylation target sites
(R. Gupta, S. Brunak and J. Hansen, manuscript in prepara-
tion, http://www.cbs.dtu.dk/services/YinOYang/). PPV CP
Thr-19 and Thr-24 ﬁt very well with the above preferences:
Proline is at position -4 respect to Thr-19, and 3 and +2 re-
spect to Thr-24, and valine is at position 1 and 2 with re-
spect to Thr-19; moreover, serine is at position 3 and +1
respect to Thr-19 and Thr-24, respectively (Fig. 1). This fact
suggests that speciﬁcity determinants of plant and animal
OGTs might be quite similar. The context of PPV CP Thr-24(APAATSPI) is quite similar to that of Ser-471 of the rat nu-
clear pore glycoprotein P62, the ﬁrst sequenced OGT target
(GPADTSDP) [27], however the residue speciﬁcally glycosyl-
ated in each protein was diﬀerent. It is interesting to remark
that, although the O-GlcNAcylation potential predicted by
the YinOYang algorithm (http://www.cbs.dtu.dk/services/
YinOYang/) was higher for Ser-25 (0.6092) than for Thr-19
(0.4923) and Thr-24 (0.5871), Ser-25 appeared not to be mod-
iﬁed even when glycosylation at adjacent sites was abolished,
stressing the high speciﬁcity of this modiﬁcation (Fig. 4). How-
ever, our data do not rule out completely the possibility that
Ser-25 could by O-GlcNAcylated in the wild type PPV infec-
tion and that mutations in its neighborhood block its suscepti-
bility to the OGT activity.
Computer alignments showed conservation of Thr-19 and
Thr-24 in 88 out of 91 PPV CP sequences deposited in Gene
Bank databases, in spite of the fact that the CP N-terminus
is the most variable region of the potyviral polyprotein (data
not shown). In contrast, Ser-25 was replaced by other residues
in 26 sequences. Pro-21 was conserved in the same 88 PPV CP
sequences. The three PPV isolates that do not conserve Thr-19,
Thr-24 and Pro-21 are non-aphid transmissible mutants hav-
ing a 15-aa deletion that has been associated with transfer of
PPV from its natural woody host to an herbaceous plant
[28]. These data might suggest the existence of a selective pres-
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which could be more relevant in some hosts than in others.
However, PPV mutants with T19A, T24A or TT19,24AA sub-
stitutions appear to infect both N. clevelandii and P. persicae
with similar eﬃciency than wild type PPV. In addition, in com-
petition experiments in which wild-type PPV and PPV
TT19,24AA were coinoculated in N. clevelandii, the mutant
virus survived even after a second inoculation with the virus
progeny of the coinoculated plants (data not shown), suggest-
ing that the ﬁtness of both viruses is quite similar. We think
that the possibility that heteroencapsidation of the mutant
genome with CP expressed by the wild type virus could distort
the results of the coinoculation experiment is rather unlikely,
because of the bottlenecks that the viruses have to face during
the two serial infections [29]. The strong conservation of Thr-
19 and Thr-24 could be justiﬁed by assuming that some factors
relevant for natural PPV infection are not accurately repro-
duced in the laboratory. For instance, peach seedlings rather
than adult trees were used in our experiments. Glycosylation
of viral proteins has been proposed to aﬀect aphid transmissi-
bility of Beet western yellows virus (BWYV) [30]. Preliminary
experiments have demonstrated that PPV TT19,24AA can be
transmitted by aphids (J.J.P, E. Goitia-Pasquı´n, L. Ferna´n-
dez-Calvino, J.A.G. and J.J. Lo´pez-Moya), although a rigor-
ous quantitative assessment of aphid transmissibility of this
mutant has not been carried out yet.
O-GlcNAc modiﬁcation of PPV CP by SEC is not essential
for PPV infection of Arabidopsis [15]. However, sec mutations
in the plant appear to aﬀect PPV infection more than T19A
and T24A mutations in the virus, suggesting that SEC is O-
GlcNAcylating additional viral proteins and/or additional res-
idues in CP. In fact, MALDI-TOF analysis of puriﬁed virions
(unpublished results) and coexpression experiments in E. coli
[16] have shown O-GlcNAcylation of PPV CP outside the pep-
tide from aa 1 through 39. The relevance of these modiﬁcations
for PPV infectivity as well as the existence of other O-GlcNA-
cylated PPV proteins is still a matter of study.
O-GlcNAcylation has been shown to modify, in addition to
PPV CP, some structural proteins from diﬀerent animal
viruses, but the role of these modiﬁcations is unknown [31–
34]. Cheng et al. [35] realized that many O-GlcNAc sites have
high PEST scores, suggesting that O-GlcNAcylation could
be involved in regulating protein turnover. However, no
PEST motifs were found around the PPV CP O-GlcNAcy-
lated Thr-19 and Thr-24 (prediction by epestﬁnd.1.png in
http://emboss.bioinformatics.nl/cgi-bin/emboss/epestﬁnd). O-Glc-
NAcylation is a reversible modiﬁcation that participates in
complex regulatory pathways in collaboration with phosphoryl-
ation to rapidly respond to exogenous stimuli [36]. Both the
CP of PPV [13] and that of the potyvirus Potato virus A
[37,38] have been shown to be phosphorylated, and phosphor-
ylation appeared to aﬀect the N-terminal region of PPV CP
[15]. Thus, a dynamic control of the balance between O-Glc-
NAcylation and phosphorylation could regulate some func-
tions of the potyviral CP. In this regard, it is important to
remark that an appropriate net charge rather than a speciﬁc
amino acid sequence of the N-terminal region of this protein
is required for an eﬃcient potyvirus infection [39–41], and
coordinated changes of phosphorylation and O-GlcNAcyla-
tion could regulate this net charge during the diﬀerent infection
steps. Whether the potyviral CP post-translational modiﬁca-
tions contributes to the regulation of the genomic RNA mole-cules allocated to translation, replication and propagation
[15,37,38] or/and to other functions similar to those pro-
posed for glycosylation of the CP of PVX in virion stability
[42], or of BWYV CP in aphid transmission [30], is still an
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